There is evidence that oxidation of o-cresol by Pseudomonas aeruginosa proceeds through 3-methylcatechol and 2-hydroxy-6 -oxohepta-2,4-dienoic acid. 3-Methylcatechol has been characterized as a metabolite in growing cultures, and is oxidized by cells or cell extracts obtained from cultures grown on o-cresol but not by those grown on glucose. The rates of dissimilation of 2-hydroxy-6-oxohepta-2,4-dienoic acid are in excess of its rates of formation from 3-methylcatechol by extracts of cells. The catechol 2,3-oxygenase is formed in response to a variety of inducers and will cleave the ring of catechol and 4-methylcatechol also. The low specificity of the 2,3-oxygenase and earlier enzymic activities (hydroxylases), to both inducers and substrates, is discussed.
INTRODUCTION
Some bacteria metabolize methyl substituted benzenoid compounds by oxidation of this side chain, eventually, to a carboxyl group. This is then either lost as carbon dioxide and replaced by a hydroxyl group or retained until fission of the ' benzoic acid' formed occurs. The best documented example is the oxidation of p-cresol to p-hydroxybenzoate by the pseudomonad of Dagley & Pate1 (1957) . They further showed that 2,4-and 3,4-xylenol were utilized by oxidation of the methyl group para to the phenolic function; this occurred also with the pseudomonad of Leibnitz, Behrens, Streigler & Gabert (1962) . The oxidation of toluene by Pseudomonas aeruginosa also proceeds by oxidation of the methyl group (Kitagawa, 1956 ). On the other hand, Rogoff & Wender (1957) showed that 1-methyl-and %methyl-naphthalene were metabolized without attack on the side chain and that %methyl-and 4-methylcatechol respectively appeared as products suggesting that the unsubstituted ring was cleaved first. 3-Methylcatechol has also been implicated as a bacterial metabolite of m-toluate (Ichihara, Adachi, Hosokawa & Takeda, 1962) and shown to undergo fission to 2-methylmuconate by a purified preparation of pyrocatechase from Brevibacterium fuscum (Nakagawa, Inoue & Takeda, 1963) . This enzyme preparation will also oxidize 4-methylcatechol, and the U.V. characteristics of the product suggest that this is 3-methylmuconate. An alternative cleavage of 4-methylcatechol was suggested from the spectral data obtained by Dagley, Evans Ribbons (1960) , and this has been amply confirmed by Dagley, Chapman, Gibson & Wood (1964) who found that the 2-hydroxy-5-methylmuconic semialdehyde was the product. When, however, 4-methylcatechol was oxidized by the pseudomonad of Dagley & Pate1 (1957) , grown on p-cresol, protocatechate was formed. It was suggested in a previous report that o-cresol was not metabolized via salicylate and catechol since Pseudomonas aeruginosa strain T 1, grown on o-cresol or on several other aromatic compounds, produced a non-specific catecho 2,3-oxygenase which cleaved the ring of 3-methylcatechol to yield keto-acids (Ribbons 1964) . One mole of 0, was consumed for each mole of 3-methylcatechol metabolized and CO, was not evolved. The details of the site of ring cleavage of several catechols, including 3-methylcatechol, have recently been elucidated and the subsequent route of degradation of the products of cleavage to pyruvate and other substances ascertained (Dagley et al. 1964 ). These observations are consistent with, but do not unequivocally establish 3-methylcatechol as an intermediary metabolite of o-cresol metabolism. Results reported here suggests that the reaction sequence, shown in Scheme 1, is responsible for the oxidation of o-cresol by P. aeruginosa T 1. 
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METHODS
Organisms. The strain used was Pseudomonas aeruginosa T I and was kindly provided by Miss E. Pankhurst (Pankhurst, 1959) . It was maintained on slopes of Lab-Lemco agar and subcultured every 6 weeks. Stock cultures were maintained a t 4' . Pseudomonas desrnolyticum ( NCIB 8859) was maintained similarly.
Media. Cultures were grown on minimal salt media made by mixing sterile solutions (a) and ( b ) [3:2 (vlv) ]. Solution (a) adjusted to pH 7-0 with NaOH contained (g./l.) : KH,PO,, 9.0; (NH,),SO,, 2.0; solution (b) contained the carbon source and a trace element mixture (2.5 ml./l.). The final concentration of the carbon source was 0.1% when phenol, glucose or benzoate (neutralized to pH7-0 with NaOH) were used and 0.05% when the cresols were used. Pyrex bottles fitted with spargers (porosity 1) for forced aeration. These were harvested on an air-turbine-driven Sharples supercentrifuge. These organisms were normally washed with water and stored as a pellet at -14" until required for the preparation of extracts. All cultures were grown a t 30". Dry weight of bacteria. The extinction values of bacterial suspensions were measured at 570 mp with a Unicam SP 600 spectrophotometer. A standard curve relating bacterial dry weight (dried at 105" for 24 hr) to extinction was linear up to ES,,, = 0.6 when the bacterial concentration was 325 pg. dry wt./ml.
Cell-free extracts. Twice washed organisms were disrupted with an M.S.E. ultrasonic disintegrator (Model SOW) for 4 min. below 5". Bacterial debris was removed by centrifugation at 2O,OOOg, for 15-20 min. a t 0" (crude extract) and high speed supernatants were obtained after centrifugation a t 109,OOOg for 90 min. in an M.S.E. 50 ultracentrifuge.
Gas exchange. Oxygen consumption and carbon dioxide evolution were measured by the direct method in constant volume respirometers a t 30' (Umbreit, Burris & Stauffer, 1957) . Dissolved oxygen was measured with a Clark oxygen electrode (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio, U.S.A.).
Spectrophotometric determinations. U.V. and visible spectra were plotted with the Beckman DB or Unicam SP 800 recording spectrophotometers. Assays of enzymic activity were conducted at 30" in both instruments. Infra-red spectra were obtained with a Perkin-Elmer Infracord.
Chemical estimations. Catechols were detected and estimated by the Evans (1947) test. Keto-acids were detected by preparation of their acidic 2,h-dinitrophenylhydrazones, the extraction of these into ethyl acetate and then into sodium carbonate solution (Friedemann & Haugen, 1943) .
Chromatography. Thin-layer plates were prepared with Silica gel G (Merck) and developed with the following solvents : ( a ) benzene + acetic acid +water (80 + 20 + satd) ; (b) ether + light petroleum, boiling range 60-80" (7 + 3) ; ( c ) acetone + light petroleum, boiling range 60-80' (2 + 5 ) ; ( d ) xylene + chloroform (1 + 1). o-Cresol and 3-methylcatechol were detected in chromatograms by coupling with diazotized p-nitroaniline.
Buflers. 0.067 M-Phosphate buffer was prepared from KH,PO, (9 g./L) and neutralized to the desired pH value with 5 N-NaOH solution.
RESULTS
Figure 1 demonstrates the ability of whole organisms to oxidize a variety of aromatic compounds after growth on glucose or o-cresol. Catechol, 3-methylcatechol and 4-methylcatechol were all oxidized without lag after growth on o-cresol. Periods of adaptation to these substrates were apparent when the bacteria were grown on glucose. The total oxygen consumption during oxidation of 3-methylcatechol by whole organisms was generally greater than that observed during the oxidation of Experiments with whole organisms quickly led to the conclusion that enzymes induced by growth with specific aromatic compounds were also able to metabolize a variety of other, though related, aromatic structures. Thus it is shown in Table 1 that it was immaterial which of the four aromatic substances (0-, rn-or p-cresol or phenol) was the inducer during growth; the induced organisms oxidized all the aromatic substances except benzoate without a lag period. On the other hand, organisms previously grown on glucose metabolized the aromatic substances only after a lag period, albeit short in some instances. Organisms obtained after growth on benzoate rapidly oxidized the catechols without lag; the response to 0-and m-cresol was difficult to evaluate as very short periods of adaptation (3-10 min.) occurred ; p-cresol and phenol oxidations by these organisms were, however, preceded by a distinct period of induction. The patterns of oxidation of aromatic substances by the enzymes induced in washed suspensions of bacteria harvested from glucose media, by exposure of these to aromatic substances, were similar to those shown in its ultraviolet and infrared spectra ( Fig. 2 and 3) , and the spectrum of the product oi reaction in the Evans test, were in accord with authentic samples of 3-methylcatechol and unlike data obtained for catechol itself. Extracts of organisms induced to metabolize o-cresol rapidly oxidized catechol, 3-methylcatechol and 4-methylcatechol with the consumption of 1 mole O,/mole substrate ( Table 2 ; the extra oxygen consumption by whole bacteria exposed to 3-methylcatechol was not observed with extracts). For catechol and 4-methylcatechol, yellow keto acids appeared with A, , , . 375 and 379 mp respectively, and later disappeared without further oxygen consumption or carbon dioxide evolution. 
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However, no coloured product appeared during 3-methylcatechol dissimilation by extracts. The presence of a catechol2,3-oxygenase in these extracts makes the possibility of cleavage of 3-methylcatechol between positions 1 and 2, to form a colourless muconic acid, unlikely. The following experiments support this view. Cell-free extracts from Pseudomonas desmolyticurn grown on naphthalene contain catechol 2,3-oxygenase which will oxidize catechol, and the two methyl substituted catechols with the intermediary formation of the yellow keto acids in all three cases. The product from 3-methylcatechol, 2-hydroxy-6-oxohepta-2,4-dienoic acid, which absorbs maximally at 386 mp at pH values greater than 7.2, is then metabolized slowly to acetate and to 4-hydroxy-2-oxovalerate (Dagley et al. 1964) . Extracts of Pseudomonas aeruginosa T 1, however, rapidly affected the latter reaction (Fig. 4) . The product of 3-methylcatechol cleavage by extracts of an orcinol-grown pseudomonad was also degraded rapidly by extracts of P. aeruginosa ~1 .
The failure t 3 observe 2-hydroxy-6-oxohepta-2,4-dienoic acid as an intermediate of 3-methylcatechol oxidation is therefore not surprising since kinetic studies have shown that P. aeruginosa TI extracts are able to degrade the intermediate at rates faster than it is formed (Table 3) .
DISCUSSION
The pathway of metabolism of o-cresol by Pseudomonas aeruginosa ~1 most probably involves hydroxylation of the nucleus, ring-fission of the 3-methylcatechol and subsequent fissions of the carbon chain by the pattern recently disclosed by the experiments of Dagley et al. (1964) . It is worth examining the criteria used to establish that 3-methylcatechol is an intermediate : (1) whole bacteria oxidize this substrate without lag after growth on o-cresol but not after growth on glucose ; (2) extracts of these bacteria oxidize 3-methylcatechol and further metabolize the products by established mechanisms; (3) 3-methylcatechol has been isolated as a 228 D. W. RIBBONS transient metabolite in o-cresol culture filtrates. Conclusions often drawn from the data supplied by methods (1) and (2) would establish 3-methylcatechol as a metabolite o-cresol. However, both catechol and 4-methylcatechol are metabolized by the o-cresol induced bacteria and extracts derived from them-facts which cast doubt on the validity of the conclusion that 3-methylcatechol is a metabolite of o-cresol. Fig. 4 . Degradation of 2-hydroxy-6-oxohepta-2,4-dienoic acid by extracts of P. aeruginosa T 1. The product of 3-methylcatechol cleavage was generated with extracts of naphthalene grown P. desmolyticum. The cuvette contained ; 0.06'7 M-phosphate bu€fer, pH 6.9, (2.5 ml.); extract from P. desmolyticum (20 pl., 300 pg. protein); 10 pl. of 25 mM solution of 3-methylcatechol were added a t the first arrow. The extract of P. aeruginosa ~1 was added at the second arrow (10 pl., 120 pg. protein). Temperature 30". 
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Demonstration of the presence of enzyme activities in induced whole bacteria and extracts of them cannot be regarded as strong evidence for a metabolic route. Indeed Stanier (1950) clearly emphasized that the induced enzymes involved in the catabolism of these compounds must show high specificity for substrate and inducer, if the technique of sequential induction is to be used validly. The isolation of 3-methylcatechol as an intermediary metabolite of o-cresol cultures of Pseudomonas aeruginosa T 1 provides more satisfactory evidence for its role as the substrate of ring fission. It is possible that catechol may arise from 3-methylcatechol by oxidation to 2,3-dihydroxybenzoate and decarboxylation to catechol, which may then undergo ring cleavage. However, 2,3-dihydroxybenzoate is not oxidized by whole organisms or extracts and catechol is not formed anaerobically from this substrate, though enzymes capable of oxidizing 2,3-dihydroxybenzoate are easily obtained from other bacteria (Ribbons, 1965, unpublished) . The existence of a metabolic route under these circumstances of poor specificity of the enzyme should, then, be confirmed by the detection of metabolites and their subsequent disappearance, e.g. by methods like those used by Bassham & Calvin (1957) . The low specificity suggested for the enzymes metabolizing catechol, the methylcatechols and the products derived from them is also exhibited by the inducer. The specificity of enzymes formed in response to any of the cresols or phenol further suggests that the hydroxylase does not discriminate these four substrates and does not metabolize benzoate. Benzoate however induces enzymes for its own catabolism to catechol which are quite distinct from those hydroxylating the cresols or phenol, although a common route for catechol oxidation is evident (Scheme 2). The route by which m-cresol is metabolized has not yet been determined, but 4-methylcatechol has been detected chromatographically as a metabolite of p-cresol.
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Although these enzymes have not been studied in any detail the results so far obtained suggest that multi-enzyme systems are elaborated in response to a variety of structures and these multi-enzyme systems show low specificity. When more than one chemical structure is available for metabolism, the existence of such inducible non-specific multi-enzyme systems provides an economy of information 1 . 5 G. Microb. 44
